Genetic Characteristics of Clones from Individual Cells Multiplyinfected with Different Strains of Foot-and-mouth Disease Virus
(Accepted I I June I970
Evidence of genetic recombination in foot-and-mouth disease virus (FMDV), a small RNA-containing virus, has been found both in crosses of mutants of the same strain (Pringle, I968; Pringle et al. I97o) , and in crosses of serologically related strains (Pringle, I965; Pringle & Slade, ~97o) . In both cases the frequency of identifiable recombinants in the progeny was low. This is not unexpected because the genome of FMDV is small; the most recent estimates of the molecular weight of FMDV RNA are given as 2.8 x lO 6 (Wild & Brown, ~97o) and 4 x ~o 6 (Ohlbaum et aL I97o). The range of recombination frequencies observed between different temperature-sensitive (ts) mutants of FMDV was similar in magnitude, however, to that obtained by Cooper (I968) with ts mutants of poliovirus, a virus in some respects comparable to FMDV. Other RNA viruses exhibit much higher frequencies of recombination (e.g. reovirus and influenza virus), but in these cases this can be attributed to the physical substructure of the genome, rather than to its absolute size. Conversely, recombination has not been detected in RNA phage and several other animal viruses.
To gain further information about the process of recombination in FMDV we have examined the progeny virus released by individual cells to ascertain whether reciprocal products of recombination were present.
The cross. The inter-strain cross (Pringle & Slade, I968) , was used because two wellcharacterized and unambiguous markers were available. Strain KENYA 3/57 (K-3) is resistant to 20o #g./ml. guanidine hydrochloride (g+), and able to multiply at 4I'5 ° (rct+), whereas strain RHOD~SlA 1/48 (RHO-0 is sensitive to guanidine hydrochloride (g-) and unable to multiply at 4~.5 ° (rct-). Both marker characteristics were assayed in BHK2r, clone I3 ceils (Macpherson & Stoker, 1962) as described previously (Pringle, I965) .
Isolation of single cells. Individual infected BHK2~ cells were isolated by a dilution method. A confluent monolayer of approximately Io x io 6 BHK cells was infected with a z ml. inoculum of equal amounts of KENYA 3/57 and RHODESIA 1/48 virus at a multiplicity of Io to 60 p.f.u./cell. After adsorption for 15 min. at 37 °, the infected monolayer was trypsinized to obtain a suspension of single cells. The cell suspension was incubated at 37 ° for 15 min. in the presence of antisera against both input strains of virus at a dilution capable of neutralizing at least 99 ~ of the unadsorbed virus. The cells were then washed twice by low-speed centrifugation and suspended in Eagle's medium with ~o ~ ox serum to give a concentration of ~ to 3 cells/ml. This suspension was immediately dispensed in o.2 ml. amounts into tubes containing o-8 ml. medium, which had been equilibrated in a gassed incubator at 37 ° for I hr and then sealed. The average number of cells expected/tube, assuming a Poisson distribution, is given in Table ~ . The tubes were incubated for a further 3 hr at 37 °, and finally rapidly frozen to -2o °. Following two cycles of freezing and thawing, o-2 ml. from each tube was assayed for infective virus to identify those tubes containing virus-yielding cells and to give an estimate of the yield/cell (Table I) .
Isolation of clones. Samples from virus-positive tubes were plated at limiting dilution and from 3 to I2 clones were isolated from each tube. These clones originated from plaques on monolayers with one or a few well separated plaques to avoid any possibility of cross-contamination.
Analysis of the yields obtained from individual infected cells.
Six replicate crosses of the two strains of FMDV have been studied, and the respective multiplicities of infection (p.f.u,/ cell), numbers of ceils producing virus and the average yields/infected cell are given in Table 1 . The efficiency of infection was always low and could not be improved by varying the duration of adsorption (up to 24 hr at +4°), temperature of pre-incubation of cells, medium composition and isolation procedure. In general we have found that the uptake of FMDV by cells (BHK 2 I, RS-2 and pig kidney primary monolayers) is po or. Table I indicates that there was no marked relationship between input multiplicity and number of cells producing virus within the range 12 to 59 p.f.u./cell. Table 2 contains the analysis of clones obtained from individual cells in experiment no. I. One hundred and eight clones obtained from I4 cells were compared with 6 clones of the two parental strains. Eight single cells yielded only g+rct + clones corresponding to the KENYA 3/57 parent, and five single cells yielded only g-rct-clones corresponding to the RHODESIA 1/48 parent strain. The remaining cell yielded seven clones which differed in marker characteristics from both the parental input strains. But all 7 were Mike in being g+rct-. These clones cannot be identified with certainty as recombinants since the possibility of mutation of one of the markers cannot be excluded. The g+rct-phenotype could arise either by mutation of the g-marker of the RHODESIA I/4 8 parent, or by nmtation of the rct + marker of the KENYA 3/57 parent and both these mutations have been observed previously. It was not practical to carry out with each parent input strain a comparable quantitative analysis of singly infected cells to obtain a direct measure of the frequency of both mutations in this type of experiment. However, other experimental data (Pringle & Slade, 2968) lead ii (4) 33 (4) 3 (3) 4 (3) 13 (3) 7z g-rct-only 5 (7 to I2) I (7) I~ (4) 4 (3) o o 21
B. An additional 6o clones isolated from the parental viruses were used as controls of the marker assay procedure. X ~ = o.2o;p = < 0"7 > 0"5.
us to expect a low frequency of mutants in unselected material. Furthermore, in the present series of experiments no mutants were present among 6o parental clones used as control. This indicates that the frequency of mutants must be less than 1-7 ~. In fact 25 clones out of a total of 45o clones obtained from mixedly infected cells (5"5 ~) exhibited a non-parental marker combination. In the pooled data for the 6 experiments (Table 3) the g+rct phenotype shows significant interaction (X ~ = 6.6; p < o'o0 in certain comparisons in a threedimensional contingency table, which indicates it was not a third component in the inoculum. Although the number of clones examined/cell was small, it represented an appreciable fraction of the average total yield since the average yield/cell was 54 p.f.u. (Table ~) . For the remaining experiments, it was assumed that characterization of three or four clones/cell would give a reasonable estimate of the marker characteristics of the infective virus released by that cell. The results of experiments no. i to no. 6 are summarized in Table 3 . In all six experiments individual cells which had been exposed to an excess of infective virus particles, yielded predominantly only one of the two types of input particle. Of a total of m7 cells, 7z produced clones entirely of one parental type (KENYA 3/57) , and 2~ cells produced clones of the other parental type (RHODESIA I/48). The remaining ~ 4 yielded g+rct-clones or clones of more than one phenotype. The other recombinant marker combination g rct + did not occur.
A serious source of error in these experiments could result from chance occurrence of more than one cell in any isolation tube. In Expt. 3, for instance, assuming a Poisson distribution approximately 8 ~ of the tubes might have contained more than a single cell (Table I) . Only one-third of these tubes could have been detected by clonal analysis, however, because of the inefficiency of the infection process (o.66) and the fact that the supernumerary cell must release clones which can be distinguished phenotypically (5o ~o of combinations) from the clones released by the other cell. Therefore, only one of the four cells in Expt. 3, considered to have been multiply infected, could have been wrongly identified. In the other experiments error from this source would have been negligible.
It can be estimated from the pooled data that, in addition to the lO7 productively infected cells, another 91 cells were isolated which failed to produce virus. A two-by-two contingency table can be constructed (Table 4 ) assuming for this purpose that the non-parental marker combination g+rct-always originated from doubly infected cells. This assumption is reasonable since the g+rct-phenotype was recovered more frequently from cells yielding more than one type of clone (9 out of lO), than from cells yielding one phenotype only (4 out of 97). The values in Table 4 do not differ significantly from expectation (X ~ = o.2o, p = < o'7 > o'5). i.e. the number of cells assumed to be multiply infected is close to the number expected from the proportion of cells infected singly by the two parental types.
The low probability of achieving productive multiple infection appears to be a result of inefficient adsorption. This may also be responsible for failure to detect phenotype mixing (Pringle, 1969) . A relevant factor is the low particle infectivity ratio characteristic of most preparations of FMDV. It is conceivable that available adsorption sites are saturated by non-infective virus and only become available subsequently by gradual elution.
In conclusion, observation of recombination in this system is limited by an inefficient infection process. The analysis of clones from single cells does not provide evidence to support a hypothesis that recombination between RNA genomes occurs by reciprocal exchange, because only one of the two possible recombinants was observed. The g-rct + phenotype may be non-viable, since g-rct + mutants of the gHODESIA 1/48 parent have never been isolated even by selection. However, g-rct+ variants of the KENYA 3/57 parent have been obtained (Pringle & Slade, 1968 ) .
